The radiological transportation risk & consequence program, RADTRAN, has recently added an updated loss of lead shielding (LOS) model to it most recent version, RADTRAN 6.0. The LOS model was used to determine dose estimates to firstresponders during a spent nuclear fuel transportation accident. Results varied according to the following: type of accident scenario, percent of lead slump, distance to shipment, and time spent in the area. This document presents a method of creating dose estimates for first-responders using RADTRAN with potential accident scenarios. This may be of particular interest in the event of high speed accidents or fires involving cask punctures.
Descriptions of LOS cases……………………………………………………….. 8 Table 2 . LOS Stop Input Parameters……………………………………………………… 12 Table 3 . Link Parameters………………………………………………………………….. 12 (This page left intentionally blank.)
Introduction
In order to estimate the risks and possible consequences of radioactive-material transportation, the computer code RADTRAN was developed in 1977 (Ref. 1) . RADTRAN is used to assess risks from a transportation accident as well as the risks from incident-free transportation. Pending validation, RADTRAN 6.0 will incorporate the capability to calculate doses received by both first responders and the general public for an incident where the transportation cask lead gamma shielding is compromised. Various extra-regulatory accident scenarios could involve the spent nuclear fuel (SNF) cask impacting a stationary object or being fully engulfed in an extremely high temperature, long duration fire. Either scenario could lead to degradation in the lead gamma shielding. In a severe impact, the lead would deform due to the force of the impact. In an engulfing fire that brings the interior temperature to the lead melting point, the lead could melt and flow away. In either case, the void can potentially expose the fuel and is referred to as slump. Figure 1 represents an example of lead slump as a result of a high speed impact. Previous work 2, 3 has explored the direct dose received in a loss of shielding (LOS) accident at varying radial and axial positions from a spent fuel cask. To evaluate the potential radiological impact of a LOS accident, an improved LOS model was developed and incorporated into RADTRAN. This paper will present the rationale behind the improved LOS model, its capabilities and limitations, and an example problem which highlights how to setup, run and interpret an LOS simulation.
LOS Model
In order to estimate the risks and consequences of a LOS accident, a model was developed in 2005 (Ref. 2 ). The LOS model estimates the effect on dose receptors outside a transportation cask in the event of an accident that leads to a loss of lead photon shielding. This is done by calculating a dose increase factor F, the ratio of the dose (or dose rate) from a damaged cask to that from an undamaged cask for receptor points located at various distances from the cask. Dose increase factors were calculated using a photon shielding and dose assessment program called MicroShield 6.20 ® and compared to earlier results using Monte Carlo N-Particle transport code (MCNP). The comparative results can be found in Ref. 3 .
The MicroShield 6.20 ® analysis included modeling an intact spent fuel truck cask as well as a set of damaged truck casks, each with a different percentage of slump based on the ten cases specified in Table 1 . Table I slump fractions are the result of finite element analysis in accident impacts sufficient to cause lead slump. It was necessary to model and calculate dose rates to receptors for an intact truck cask as well as damaged casks so that a dose increase factor correlation could be established for varying slump fractions. The LOS model calculates the dose increase factor F based on simulated shielded and unshielded results. Two dose rates were ultimately determined at a range of distances from the cask (1, 2, 3, 4, 5, 10, 20, 50, and 100 meters) and axially averaged along the length of the cask. Averaging was necessary because there is a slight variation in dose rate depending on receptor location along the length of the spent fuel cask. This averaged dose then represents the "AVERAGE RADIOLOGICAL DOSE (P_REM)" in the RADTRAN output. Dose rates beyond the ends of the cask were not used in determining the average dose rate. Equation 1 illustrates how F is calculated in the LOS model. It is a simple ratio of the dose rate at a distance j with a fraction of lead removed to the intact average dose rate at 1 meter (conversely, 2 meters can be used for maximum radiological dose).
This ratio of slumped to unslumped dose rate quantifies the effect of loss of lead shielding and gives a factor which can be multiplied with the vehicle dose rate. The LOS model yields three results: average radiological dose, maximum radiological dose at 2 m from the cask, and the LOS risk.
Average Radiological Dose
The relationship for LOS dose is given by equation 2.
where Q = unit conversion factor = 1.0E-03 rem/mrem DR v = vehicle dose rate at 1 m from surface (mrem/hr) P LOS = number of exposed persons at LOS stop T LOS = stop time (hours) SF LOS = shielding factor for persons at LOS stop (1= no shielding, 0= full shielding) F a,b = correlation equation as a function of slump fraction and distance for (a) < 6 meters or (b) ≥ 6 meters
The LOS dose calculation method mirrors the method used for the dose to populations at shipment stops. However, in the LOS model the distance based correlations replace the source-strength terms used in the RADTRAN stop model 5 . The dose increase factor F for average radiological dose is found using one of two correlations given in equations 3 and 4.
Maximum Radiological Dose at 2 Meters
The peak dose occurs around the zone where the lead has slumped and is reported at 2 meters. The 2 meter distance serves as a comparison to the regulatory limit of 10 mrem/hr at 2 meters stipulated in 10 CFR 71 (Ref. 6 ). The maximum radiological dose is calculated in the same manner stipulated above in equation 2; however, the dose increase factor F is replaced with a correlation multiplication factor Mult max . Equations 5 and 6 express this factor based on percent slump. (6) In reality, the slump fraction would rarely ever be larger than 10%; nevertheless, the correlation was separated at 10% to allow for more accuracy at the lower, more likely, slump fractions.
LOS Dose-Risk
The LOS dose-risk mathematically represents the multiplication of LOS dose and accident probability of severity j on link L, thus the term dose-risk. The conditional probability (also referred to as severity fraction) is user-defined and corresponds to a particular slump fraction. The final expression for dose-risk is given in equation 7 summed over all severity categories and uses the average radiological dose obtained from equation 2. The method for LOS dose-risk is identical to the original dose-risk calculations outlined in the RADTRAN 5.5 Technical Manual 5 .
Model Assumptions and Setup

Model Assumptions
The first and most crucial assumption the model makes is transport cask type. Since all shielding simulations were performed for a generic 5.21 meter long S.S.-Pb-S.S. spent nuclear fuel truck cask, the model discussed in this document should be applied only to truck casks. Ongoing work will include an analogous model with appropriate correlations for rail transport casks.
The model is currently limited to calculating doses and risks at specific distances. In the current model, the dose correlation is only valid between 1 and 100 meters. The lower limitation is due to the absence of simulations below 1 meter from the cask and the upper bound is a consequence of current programming. However, the correlation appears to be valid at distances greater than 100 meters, even up to 1000 meters, but needs to be verified. Once verified, the code will be rewritten to allow for dose estimate distances up to 1000 meters from the LOS accident.
In conjunction with the upper distance bound, an error was found in the interpolation scheme which should have allowed the user to determine the dose at distances other than 1, 2, 3, 4, 5, 10, 20, 50, and 100 meters. Currently, the user may input any range of distances, but the results will only be displayed for the predefined distances. Since the model is limited to the predefined distances, all LOS calculations use the average distance method 5 , whereas the RADTRAN stop model incorporates an annular-area method where dose is calculated for a population density within an annular area. The code will allow annular area dose calculations in the future.
Input Setup
The new RADTRAN 6.0 input deck includes several key changes. The most crucial and mandatory being the inclusion of the command line "RADTRAN 6.0" at the beginning of the input file. Additional, but unnecessary, command changes include commands for unit conversion, economic model defaults and the LOS model, all which depend on if that functionality is being exercised. Only the necessary inputs for the LOS model will be discussed for this paper.
The conditional probabilities and corresponding slump fractions are placed in the input file after the release data. The conditional probabilities indicate the type and probability of accident which will cause a particular slump fraction. This is done for each population zone (rural, suburban, urban) under consideration (NPOP = 1, 2, or 3). Figure 2 provides an example of the required format.
Figure 2. LOS conditional probabilities and slump fractions.
The other required declaration is a command line for the LOS stop parameters. This is placed after the link statements prior to the end of the file. The necessary user-defined information includes: LOS stop name, vehicle name, number of persons at LOS stop, radial distances [meters], shielding factor, and exposure time [hours] . Any number of LOS stops can be defined. Figure 3 provides an example of the required format. More details on the logic behind selecting appropriate LOS stop parameters will be discussed in the next section covering a sample LOS problem involving first-responders and the public.
LOS Example Problem
Background
The LOS model was used to determine dose estimates to first-responders and public during an extreme spent nuclear fuel transportation accident. Results varied according to the following: type of accident scenario, percent of lead slump, distance to shipment, time spent in the area. The RADTRAN 6.0 input file was setup using data obtained from NUREG/CR-6672 (Ref. 4 ) and three LOS stops were modeled, one each for rural, suburban and urban routes with the same shipment vehicle. Data from Table 1 was used to construct the conditional probability and slump fraction portion of the input. Table 2 provides stop related data used to setup the example problem. The first three LOS stops with exposure durations of 0.46 and 0.67 hours are intended to mimic the resident population dose prior to arrival of first-responders and ultimate evacuation 4 . These times are based on the average emergency response times based on population zone. Therefore, it is assumed that the public will remain exposed to the accident for up to 0.67 hours until emergency crews arrive. The remaining LOS stops are used to express the first-responder dose if the number of personnel and exposure time is normalized to one; hence, the final average radiological dose can be multiplied by time and people to get a final answer. Other important parameters and their values are listed in Table III . 
Results
Again, the LOS model provides results for average dose, maximum dose at two meters and LOS dose-risk. Given that three output types and six different LOS stops would yield 18 independent results, only a few accident results will be discussed here. Figure 4 presents how the average dose is affected by slump fraction and distance from the accident. All results were normalized to one person and with increasing slump and proximity to the accident the dose received can be sizeable. Since the LOS model, when determining average or maximum dose, makes no automatic account for population zone, the only differentiating factor between the rural and urban results is the response time explained in the previous section. Figure 5 compares the average dose at 20 meters between the rural and urban public population zones. The separation in the two lines is due to the shorter response time in an urban environment, thus the dose will be lower for all slump fractions.
Rural Public Average LOS Dose
The remaining results will focus on the first-responder and cover the maximum dose and dose-risk outputs. Note, the first-responder results are normalized for number of people and time. Therefore, all population zones yield the same values based on the previous assumptions. Figure 6 illustrates the expected maximum dose at two meters for a firstresponder. It is unlikely that in an accident scenario the first-responder would ever approach the cask at such proximity, but this value serves as a comparison to how the LOS maximum deviates from the regulatory maximum.
Finally, dose-risk is dependent on link parameters such as accident rate, conditional probability and distance traveled. Since each route accident rate and conditional probability is identical, the only differentiating factor is the route length as stipulated in Table 3 . Figure 7 shows the dose-risk for first-responders at various distances for each population zone. As expected, the dose-risk is extremely low, even at close distances. At farther distances, the dose-risk approaches zero becoming 4.63E-15 in the urban route at 100 meters.
Conclusion
Barring the obvious limitation that the new model is only valid for truck spent nuclear fuel casks, the method improves previous LOS treatments because the new model uses actual dose rates calculated from shielded and unshielded full volume sources. Additionally, we note the contention that under fire accidents the lead shielding is less likely to create an annular void at one end of the cask cavity and more likely to deform creating thinning near the top of the cask. The application of lead thinning is under consideration for analysis and in the meantime, can be roughly approximated using the current model and very small slump fractions. 
